Abstract & Key message Parasitism by mistletoe increases the cover and diversity of herbaceous vegetation under the host tree and attracts the activity of rabbits in comparison to control trees. Thus, the effects on forest community go beyond the parasitized tree. & Context Mistletoes are a diverse group of aerial hemiparasitic plants and are considered keystone species in forest ecosystems around the world. They produce nutrient-enriched litter, which exerts a substantial effect on soil-nutrient concentration, and the enriched nutrient patch alters the vegetation at the site as well as the associated fauna. & Aims Our goal is to ascertain whether mistletoe (Viscum album) parasitism of pine forest of a Mediterranean mountain favors herbaceous vegetation and attracts mammalian herbivores. & Methods We recorded in Sierra de Baza (SE Spain) the composition of the herbaceous vegetation under pines with and without mistletoe parasitism, and estimated the rabbit activity at the same sites by collecting their excrements. & Results An effect on herbaceous vegetation, especially in grasses belonging to the family Poaceae, was reflected in a notable increase in soil cover, species richness, and species diversity beneath parasitized pines with respect to unparasitized ones. As a consequence, parasitized pines attract the activity of rabbits, as shown by a fivefold quantity of excrement with respect to control ones. & Conclusion Parasitism by mistletoe, by creating patches of greater nutrient availability under the host canopy, extends its effects beyond the host tree to other members of the forest community, such as herbaceous plants and associated herbivorous animals, which in turn contribute to environmental heterogeneity with their activity.
Introduction
Plants and animals live in habitats that are heterogeneous, both in space and time (Wiens 2000) . Field research has focused on the effect of heterogeneity in habitat quality on the distribution and abundance of organisms (Stewart et al. 2000) ; however, plants and animals are also able to initiate, maintain, and reinforce heterogeneous spatial patterns (Wiens 2000) . Many processes of resource redistribution and concentration-some being abiotic such as changes in light patchiness, water runoff, and water availability, and others biotic such as litterfall, excrement accumulation in latrines, or food hoarding-create non-random patches of heterogeneous nutrient availability (Pickett et al. 2000) . Among the biotic processes, plants can promote spatial heterogeneity by concentrating nutrients around themselves (Moro et al. 1997; Watson 2009) or emitting particular secondary metabolites (Iason et al. 2005) . Similarly, animals can do so by depositing excrement and/or foraging selectively in preferred patches (Willott et al. 2000; Bokdam 2001 ). Thus, the activity of plants and animals could modify spatial heterogeneity in nature.
A notable case of nutrient redistribution and concentration with strong effects on plant quantity and quality as food are parasitic plants (Watson 2009 ). Among these, mistletoes, a diverse group of aerial hemiparasitic plants, are considered keystone species in forest ecosystems around the world (Watson 2001) . Recent studies with parasitic plants have shown their important role in regulating belowground processes by enhancing soil-nutrient availability and bolstering soil spatial heterogeneity (Quested et al. 2002; Fisher et al. 2013; Mellado et al. 2016) . Mistletoes draw water and mineral resources from host plants, attaining higher concentrations of foliar nutrients than their hosts (Ehleringer and Marshall 1995; Bowie and Ward 2004) , and they produce nutrient-enriched litter due to scant reabsorption prior to abscission (Pate et al. 1991; Quested et al. 2002) and the input of bird-derived debris . Mistletoe litter often contributes large amounts of biomass to the forest floor, including leaves, flowers, and fruits (March and Watson 2007) , which are rich in nutrients and have a high decomposition rate, enhancing soil-nutrient cycling (March and Watson 2010; Ndagurwa et al. 2016; Muvengwi et al. 2015) . It has been shown that the volume of litter beneath a tree crown amasses with mistletoe infestation, increasing the overall litterfall Watson 2007, 2010; Mellado et al. 2016) , and thus the parasite may contribute to higher nutrient returns beneath host trees. Mistletoe litter contains lower C/N ratios ) and therefore decomposes faster and releases nutrients more rapidly than does the litter of cooccurring species, and may also stimulate the decomposition of more recalcitrant litter when mixed, for instance with those from the host plant (Quested et al. 2002) . In this way, mistletoes can have a profound effect on soil-nutrient concentrations in terrestrial habitats, which may in turn affect the growth of neighboring plants (Quested et al. 2003; March and Watson 2010) . In addition, mistletoes attract animal associates from a wide range of groups including mammals, birds, and insects, thereby augmenting diversity in environments where they occur (Watson 2009 ). According to the Dryad hypothesis (Watson 2009 ), mistletoe and parasitic plants are generally regarded as facilitators in low-productivity habitats, boosting heterogeneity in nutrient availability and productivity by shedding large quantities of enriched leaf litter (Watson 2015) . The enriched nutrient patch alters the vegetation at the site as well as the associated fauna, and animal visitors may reinforce this nutrient increase by providing excrement, urine, or other animal remains (Van der Wal et al. 2004; Watson 2009; Mellado et al. 2016) .
In this study, we address these questions by focusing on mistletoe (Viscum album ssp. austriacum (Wiesb.)) parasitizing Black pines (Pinus nigra Arn.) on a Mediterranean mountain (SE Spain). Through its nutrient-rich litter and the accumulation of excrement from seed-dispersing birds, mistletoe enhances soilnutrient availability beneath parasitized pines , which could favor the growth of other plant species. Moreover, this parasite has a constant and uniform annual fruit production that makes parasitized trees constant food resources for frugivorous birds, thereby providing consistent sites for organic matter deposition in space and time (Mellado and Zamora 2015; Mellado et al. 2016) .
In previous studies, we have measured the abundance of seeds moved by zoochory under the canopy of unparasitized and parasitized trees (Mellado and Zamora 2015) and soilnutrient availability beneath the canopy of these same trees . To fully understand the consequences of mistletoe parasitism in the whole forest community, here, we focus on herbaceous vegetation and a mammalian herbivore. Specifically, we test whether (1) plant communities beneath parasitized pines show a different cover and diversity of herbaceous vegetation with respect to control, and (2) whether parasitized pines promoted more occupancy by rabbits, in comparison to unparasitized pines.
Material and methods

Study site
The study was performed from autumn 2012 to summer 2013 in the Natural Park of Sierra de Baza (south-eastern Spain; 2°51′ W, 37°22′ N). The site is a mountain range with limestone rocks and calcareous soils, ranging between 1200 and 2269 m a.s.l. (Calar de Santa Bárbara, the highest peak). Climate is typically Mediterranean, with cold winters (snow cover above 1700 m lasts 2-4 months per year), precipitation concentrated in spring and autumn, and a pronounced summer drought (June-August). The main vegetation cover is pine woodlands, Aleppo (Pinus halepensis Mill.) and maritime pine (P. pinaster Ait.) at lower elevations, and Black (P. nigra) and Scots pine (P. sylvestris L.) from middle to high elevations. Pine woodlands are intermingled with oaks (Quercus ilex L.), maples (Acer opalus L. ssp. granatense Boiss.), and several fleshy-fruited shrubs, lianas, and trees, forming part of the plant community throughout the mountain (see Blanca and Morales 1991 for a detailed description of the Sierra de Baza vegetation). The mistletoe Viscum album ssp. austriacum is a hemiparasitic, dioecious epiphyte widely distributed across European coniferous forests. Pinus nigra and P. sylvestris constitute the most common host species in southern Spain and at the study site (Mellado 2016) , where individual V. album austriacum can live for more than 30 years (Zuber 2004, pers. obs) .
For this study, we selected 110 Black pines (hereafter focal trees), half of them parasitized by mistletoe and the other half unparasitized. Parasitized trees presented moderate to intense parasitic loads (20-40 and 50-80% of the host canopy covered by mistletoe, respectively), bearing at least one mistletoe > 30 years old . Pines were selected to cover a large range of the mountain's heterogeneity, including stands with low (open) and high (closed) tree densities and three elevation levels (1350, 1650, and 1850 m). Trees were randomly selected and spatially paired (one parasitized and one unparasitized). Paired trees were of similar architecture, size (diameter at breast height [mean ± SE] 25.55 ± 1.31 cm), age (90-110 years old; see Herrero et al. 2013) , and height (mean ± SE 6.87 ± 0.23 m). Paired trees were located 40 to 80 m apart to keep environmental contexts as similar as possible (e.g., climatic factors and composition of neighboring vegetation). The shrub cover beneath the tree canopy was similar between control and parasitized pines (Mellado and Zamora 2015; Mellado 2016 ).
Sampling herbaceous vegetation
The study took place between autumn of 2012 and summer of 2013 for three reasons. First, we were interested in herbaceous vegetation, which in Mediterranean ecosystems shows its growing peak during early spring, becoming dry later due to summer drought (Archibold 1995) . Second, litterfall (leaves and fruits) from mistletoe falls to the soil mostly during winter, thus being available for consumption by herbivores and contributing to the nutrient return Ndagurwa et al. 2016) . Finally, as a consequence of the previous points, most mammalian herbivores graze on herbs and grasses while available, shifting to a shrub-based diet when dry (summer) or unavailable (mid-winter) (Martínez 2009) .
In spring 2013, we checked the soil under the pine canopy of all tagged trees. A square of 1 m 2 made with PVC tube was used to delimit the plots. The square was placed three times randomly beneath each pine canopy. We first recorded the percentage of surface area of bare soil, covered by rocks and covered by herbaceous vegetation within the plots. Then, we estimated the cover of every plant species in the plots according to a semi-quantitative scale (0 to 5, following the method proposed by Braun-Blanquet 1979), excepting shrubs (already studied in Mellado and Zamora 2015) . Later, we converted the scores of the semi-quantitative scale of cover to percentage of plant cover in each plot (+ = 0.3%, 1 = 3%, 2 = 15%, 3 = 35%, 4 = 65%, 5 = 85%). All plants were identified to the lowest taxonomic level to test differences beneath parasitized and unparasitized pines in species richness, Shannon Index (as diversity), families cover (Poaceae, Fabaceae, and other families), and composition of herbaceous species. Plant nomenclature follows Blanca et al. (2011) .
Estimating the occupancy under trees by rabbits
Several ungulate species live in Sierra de Baza, both wild (red deer Cervus elaphus, Spanish ibex Capra pyrenaica, wild boar Sus scrofa) and domestic (mixed herds of sheep Ovis aries and domestic goat Capra hircus) (CMAOT 2016). These species increase its browsing character during winter (Garin et al. 2001; Ferreira et al. 2013) , and in reason of its body size, they sample the habitat on a coarse scale (Senft et al. 1987; Hódar and Palo 1997; Schaefer et al. 2008 ). Thus, we discarded them as a focus for this study. Conversely, we focus our attention on rabbit (Oryctolagus cuniculus). Rabbit is a small mammal with a restricted home range size (Soriguer 1981; Lombardi et al. 2007 ); thus, we consider it as an adequate species model to discriminate between individual trees depending on its parasitism by mistletoe. To examine the differential occupancy, we counted excrements beneath trees with and without mistletoe. Pellet count has been repeatedly used as an appropriated method to estimate density and/or habitat selection by rabbits (Lombardi et al. 2003; Santilli and Bagliacca 2010; Mutze et al. 2014) .
At the beginning of autumn 2012, we checked the soil beneath the pine canopy of all tagged trees and cleaned away most of the recent excrement, whatever its source. Old excrement was in general easily recognizable, but in this way, we minimized the possibility of mistakes. At the end of winter (March-April 2013) , we randomly delimited three 1-m 2 plots with the PVC square (as describe above) beneath each pine and collected all the excrement found. Clearly old excrements moved by abiotic factors (e.g., rain) were discarded. Initially, we distinguished whenever was possible between rabbit and hare (Lepus granatensis); however, hare was conspicuously scarce and restricted to the higher part of the mountain, so hereafter we considered together as rabbit. We kept the excrement specimens in cellophane bags, dried them in the laboratory for 48 h at 70°C, and then weighed them.
Statistical analyses
All analyses were performed under the same structure, using tree condition (parasitized and unparasitized pines) as fixed factor and elevation (1350, 1650, and 1850 m), paired trees (1-55), and individual pines (1-110) as nested random ones. We used generalized linear mixed models (GLMM) assuming binomial error distribution to analyze the effects of tree conditions (parasitized or not) on percentage cover beneath pine canopies (bare soil, rock, and herbaceous vegetation) and Poisson error distribution and log-link function for total species richness of herbaceous vegetation. Herbaceous diversity (H′) was tested using linear mixed model (LMM). Permutational multivariate analysis of variance (PERMANOVA), using the Bray-Curtis distance and 9999 permutations, was used to analyze significant differences on plant species assemblages beneath parasitized and unparasitized pine trees. Individual significance by plant species on herbaceous community was analyzed using GLMMs with negative binomial error distribution, and square root transformation was required on community matrix.
For Fabaceae family cover, we applied a GLMM with negative binomial distribution and the log-link due to its absence from several samples, while Poaceae and other families cover were square-transformed, in order to meet assumptions of normality and homoscedasticity, and tested using LMM. The species richness by families was tested using GLMM with Poisson error distribution and log-link function.
To analyze preference of occupancy under parasitized or unparasitized pine trees across excrement records, we used a GLMM with negative binomial distribution due to high number of zeros. Data of rabbit presence/absence as well as amount of excrement recorded were averaged for the three plots of each pine tree, in order to reduce the number of empty samples, and therefore individual pine was removed from random factors.
All statistical analyses were conducted with the R software system Version 3.4.1 (R Development Core Team 2017). GLMMs and LMMs were carried out under glmer, lmer, and glmer.nb functions of lmer4 packages, and the Shannon diversity index was calculated by diversity function. For PERMANOVA, we used only species above 0.5% of total cover on each plot and was performed under adonis function. Diversity and adonis functions were included in the vegan package.
Throughout the paper, means are expressed ± 1SE.
Data availability
The datasets generated and/or analyzed during the current study are available in the Zenodo repository, https://doi.org/10.5281/zenodo.1311757 (Hódar et al. 2018 ).
Results
Herbaceous vegetation
A total of 167 plant taxa were identified within the plots, most specimens being identified to the species level (Appendix ESM1). The herbaceous vegetation (GLMM, χ 2 = 11.13, d.f. = 1, P < 0.001) and rock cover (GLMM, χ 2 = 4.02, d.f. = 1, P = 0.045) were significantly greater under parasitized pines in detriment to bare soil (GLMM, χ 2 = 16.08, d.f. = 1, P < 0.001; Fig. 1a ). Herbaceous plant assemblages beneath parasitized pines showed more species richness (GLMM, χ 2 = 14.56, d.f. = 1, P < 0.001, Fig. 1b) and diversity (LMM, χ 2 = 10.18, d.f. = 1, P = 0.002, Fig. 1c ) than unparasitized ones. According to these results, their species composition was also significantly different between herbaceous communities under parasitized and unparasitized pine trees (PERMANOVA, pseudo-F = 4.32, d.f. = 1, P < 0.001). Individual species analysis reveals that these differences were due to 14 species, 13 of them more abundant beneath parasitized pines (four Poaceae, two Brassicaceae, three Caryophyllaceae, two Rubiaceae, and two Asteraceae), while only one specie (Fabaceae) was more abundant under unparasitized pines (Fig. 2) .
Overall, plant species from Poaceae and Other families presented fuller cover (LMM POACEAE , χ 2 = 13.66, d.f. = 1, P < 0.001; LMM OTHER , χ 2 = 6.35, d.f. = 1, P = 0.012) and species richness (GLMM POACEAE , χ 2 = 23.12, d.f. = 1, P < 0.001; GLMM OTHER , χ 2 = 8.31, d.f. = 1, P = 0.004) under parasitized pines (Fig. 3) , while Fabaceae showed no significant differences (GLMM COVER , χ 2 = 0.57, d.f. = 1, P = 0.452; GLMM RICHNESS , χ 2 = 0.31, d.f. = 1, P = 0.581).
Estimating the occupancy under trees by rabbit
Rabbit clearly prefers parasitized trees: The presence of rabbits under parasitized pines is much more frequent than under control ones (69 vs 25%, respectively; GLMM, z-value = 3.705, d.f. = X, P < 0.000211). Accordingly, the amount of excrement under parasitized pines is fivefold than those found under control ones (0.40 ± 0.03 vs 0.08 ± 0.07 g/m 2 , respectively; GLMM, χ 2 = 10.89, d.f. = 1, P < 0.001).
Discussion
Mistletoe clearly determines the cover and botanical composition of herbaceous vegetation beneath parasitized pines in Fig. 1 Mean (± SE) of a percentage cover (bare soil, herbaceous vegetation, and rock cover), b species richness, and c Shannon diversity Index by square meter, beneath parasitized (dark-gray bars) and unparasitized (light-gray bars) pines comparison to unparasitized ones. The most noteworthy results are a general increase in plant cover, species richness (especially in Fam. Poaceae), and diversity. In line with these, plant species composition shows also differences, where several grass species clearly responded to the presence of mistletoe in trees by increasing its abundance with respect to control trees, as revealed by individual species analysis (Fig. 2) . There are at least two different, non-mutually exclusive, possibilities to explain why grasses are especially favored. First, they are highly responsive to fertilization. A recent work ) performed exactly in the same pines used by us clearly demonstrated that mistletoe increased the amount, quality, and diversity of organic matter input beneath the host canopy, directly through its nutrient-rich litter and indirectly through a reduction in host litterfall and an increase in bird-derived debris. As a result, the spaces beneath parasitized pines became an enriched hotspot. Parasitized pines show a higher NPK soil availability than did control pines ; see also Ndagurwa et al. 2016) , and this fertilization stimulates the development of Poaceae more than, for example, Fabaceae (Grünzweig and Körner 2003) . Moreover, N-fixing species such as Fabaceae are more responsive to an exclusive increase in P (Stöcklin and Körner 1999; Stöcklin et al. 1998 ) than NPK together (Grünzweig and Körner 2003) , and even a unique increase of N does not benefit their growth (Xia and Wan 2008; Huang et al. 2015) or can lower abundance and richness of N 2 -fixing species in a herbaceous community (Suding et al. 2005) . Thus, legumes can lose their advantage with respect to other non-N 2 -fixing species under N fertilization (Suding et al. 2005) . Second, rabbits, by showing a preference for grazing under parasitized pines, can spread seeds in their excrement during their foraging activity (Malo and Suárez 1995; Dellafiore et al. 2010) . Poaceae is the staple food for rabbits, especially during winter (see below), and consequently seeds from this family will be preferentially dispersed. Furthermore, Poaceae are in general Fig. 2 Relative abundance by square meter of plant species (above 0.5% of total cover) presents on each plot sampled beneath parasitized (dark-gray bars) and unparasitized (light-gray bars) pines. Significant differences are highlighted by red rectangle Fig. 3 Mean (± SE) of herbaceous cover (above) and species richness (below) by square meter of a Fabaceae, b Poaceae, and c other families of herbs, beneath parasitized (dark-gray bars) and unparasitized (light-gray bars) pines more resistant to grazing than are Fabaceae or other forbs, thus reinforcing the pattern.
The greater herbaceous cover, richness, and diversity under parasitized pines were notable in afforested pine woodlands. Pine plantations are widespread in Mediterranean environments, and due to the characteristics of most of them (low tree diversity, high density, lack of vegetation heterogeneity) sometimes have been considered "green deserts" unuseful to restore the natural biodiversity (Chirino et al. 2006; Bremer and Farley 2010) . A study in the nearby Sierra Nevada mountain range (Gómez-Aparicio et al. 2009 ) showed that pine plantations in fact bore lower total plant richness and H′ index values than native stands, especially when compared with deciduous broadleaf forests, but that this negative effect appeared only for herbaceous species, and not for woody species. This result was attributed to the high tree density of plantations in comparison to native fragments, which in turn implies dimmer understory light, usually responsible of low herbaceous richness and cover. Mistletoe parasitism, by increasing nutrient availability and heterogeneity (Mellado et al. 2016) as well as light penetration to the understory (Mellado 2016) , ameliorates the environment for the growth of herbaceous vegetation. In this context, the role of the mistletoe facilitating diversity and heterogeneity should be considered as a positive factor for the naturalization of the artificial stands of pine plantations.
The mistletoe footprint translates to herbivorous animals, by increasing growth and diversity of understory herbaceous plants (March and Watson 2007) . Rabbits are small-bodied mammals with a limited home range (ca. 1 Ha in Soriguer 1981; 0.5-2 Ha in Lombardi et al. 2007) , for which an intense use of understory of parasitized trees is easy to record. Rabbits might prefer grazing under parasitized pines because grasses, mainly Poaceae, are more abundant in these pines with respect to control, as a result of increased amounts of litter and excrement and thus more vigorous microbial mineralization activity (Mellado 2016) . Poaceae respond better to this kind of fertilization than do other groups of forbs (Grünzweig and Körner 2003) , increasing its biomass and presumably its nutrient content, while rabbits clearly prefer foods having higher nutrient contents (Somers et al. 2008) . Furthermore, Poaceae are the staple food for rabbits during winter (Soriguer 1988; Martins et al. 2002; Kontsiotis et al. 2015) . Another reason why rabbits could be attracted to parasitized pines is the mistletoe litterfall. Mistletoe is a nutritive plant for herbivores: Rodrigáñez (1949) and González-González and González-Doncel (1999) refer to mistletoe as an important livestock food source, searched for by shepherds, who cut them down to feed to the animals. Thus, for small mammals with a restricted home range, such as rabbits, it should be easy to track the natural fall of mistletoe leaves from the parasitized pines within its home range, quickly consuming them.
The role of mistletoe as a generator of environmental heterogeneity has previously been identified by shaping the spatial deposition pattern of zoochorous seeds in the forest, which may be reflected in the future configuration of the woodyplant community (Mellado and Zamora 2015) , as well as in greater soil availability and spatial heterogeneity (Mellado et al. 2016 ). The present study, however, is the first to show that the impact of parasite litter on the understory extends to other members of the forest community such as herbaceous plants and associated herbivorous animals, which in turn can contribute to reinforce the environmental heterogeneity with their activity. This effect is especially important in Mediterranean environments, where, due to afforestation trends during recent decades, large areas are covered by pine plantations characterized by a homogeneous spatial structure and monospecific composition. In this context, mistletoe can provide more habitat and resources for other herbaceous plant species to become established, fostering plant diversity in the pine forest.
Conclusion
In conclusion, the effects promoted by mistletoe go beyond the host tree, affecting the whole herbaceous plant community beneath the parasitized tree and their herbivorous consumers. The increase of diversity and heterogeneity could even be considered as a positive factor for the naturalization of the artificial stands of pine plantations, widespread in Mediterranean environments. These findings strengthen the idea of mistletoes as ecosystem engineers alter the microenvironment of soil and create patches of increased nutrient availability under the host canopy, while as keystone species, they alter species composition of the herbaceous community and the activity of grass-eating mammals such as rabbits (Jones et al. 1994; Watson 2001) , expanding their long-lasting effects to other organisms of the forest community.
